Coordination of the Rieske-type [2Fe-2S] cluster of the terminal iron-sulfur protein of Pseudomonas putida benzene 1,2-dioxygenase, studied by one- and two-dimensional electron spin-echo envelope modulation spectroscopy.
One- and two-dimensional (1D and 2D) electron spin-echo envelope modulation (ESEEM) spectroscopy has been used to investigate the ligand environment of the [2Fe-2S] cluster from the terminal dioxygenase (ISPBED) of the Pseudomonas putida benzene dioxygenase complex. The modulation frequencies observed in the 0.5-8.5 MHz region of the Fourier transforms of 1D and 2D ESEEM spectra measured across the electron paramagnetic resonance (EPR) absorbance envelope (from gz through to gx) are consistent with their assignment to two 14N nuclei. Using hyperfine sublevel correlation spectroscopy (HYSCORE), two sets of correlated double quantum transitions sharing the same hyperfine coupling were observed and were identified as being due to the same two 14N nuclei. On the basis of the isotropic hyperfine and quadrupolar couplings estimated for these 14N nuclei [N(1), Aiso = 3.6 MHz and e2qQ = 2.2-2.8 MHz; N(2), Aiso = 4.8 MHz and e2qQ = 2.2-2.4 MHz], the ESEEM pattern of ISPBED is assigned to two histidine nitrogens which are directly coordinated to the reduced iron-sulfur cluster. Bonding parameters of the two [14N]histidine ligands were calculated from these hyperfine couplings. The primary covalent contributions to the hyperfine interaction arise from 14N-to-Fe2+ sigma bonds. For N(1), our analysis of the percentage of unpaired 2s and 2p electrons gave f2s approximately 1.3% and f2p approximately 0.2%, while values of f2s approximately 1.7% and f2p approximately 1.4% were estimated for N(2). Comparison of these values with those determined from electron nuclear double resonance (ENDOR) data of the Rieske-type [2Fe-2S] center of Pseudomonas cepacia phthalate dioxygenase [Gurbiel, R. J., Batie, C. J., Sivaraja, M., True, A. E., Fee, J. A., Hoffman, B. M., & Ballou, D. P. (1989) Biochemistry 28, 4861-4871] indicates an apparent reduction in unpaired electron spin density residing on the two 14N ligands of ISPBED. Analysis of slices of the HYSCORE spectrum has provided evidence for another 14N nucleus (A approximately 1.1 MHz, e2qQ = 3.3 MHz), which we have attributed to a weakly coupled peptide nitrogen, similar to those observed for ferredoxin-type [2Fe-2S] clusters. This type of weak interaction has not been previously described by the detailed ENDOR and ESEEM studies of Rieske-type centers. The resolution of the spectra demonstrates the effectiveness of 2D ESEEM for the disentanglement of multiple hyperfine interactions to metalloprotein centers.